Another Target for NO  by Spiro, Stephen
Cell Host & Microbe
PreviewsAnother Target for NOStephen Spiro1,*
1Department of Molecular and Cell Biology, University of Texas at Dallas, 800 W. Campbell Road, Richardson, TX 75080, USA
*Correspondence: stephen.spiro@utdallas.edu
DOI 10.1016/j.chom.2011.07.001
Nitric oxide (NO) is a poisonous free radical made by phagocytic cells to combat pathogens. Richardson et al.
(2011) show that the Salmonella enterica serovar Typhimurium lipoamide dehydrogenase is a target for the
nitrosative stress exerted by NO and related reactive nitrogen species.Nitric oxide (NO) is a reactive free radical
that inhibits the growth of microorgan-
isms. Phagocytic cells of the mammalian
innate immune system exploit this prop-
erty by using NO made by the inducible
NO synthase (iNOS) to attack invading
pathogens (Fang, 2004). The ability to
resist iNOS-derived NO is an important
virulence determinant for some patho-Figure 1. Targets forNOand/or Related RNS inCentral
Metabolic Pathways in Enteric Bacteria
Aconitase B (ACN) of Escherichia coli contains a labile [4Fe-4S]
cluster that is sensitive to NO and superoxide. Richardson
et al. (2011) show that aconitase, the pyruvate dehydrogenase
complex (PDH), and the a-ketoglutarate dehydrogenase
complex (a-KDH) are sensitive to NO in extracts of Salmonella
enterica serovar Typhimurium. Inhibition of PDH and a-KDH is
due to inactivation of their E3 component, lipoamide dehydro-
genase. Inhibition of a-KDH in vivo causes a starvation for
methionine and lysine that can be alleviated by adding
succinyl-CoA to growth media.gens, for example Salmonella
enterica serovar Typhimurium. NO
reacts with oxygen and superoxide
(which is synthesized in phago-
cytes by the NADPH oxidase) to
generate a family of reactive ni-
trogen species (RNS), which collec-
tively provoke a ‘‘nitrosative stress’’
in the target cell. The currently
known molecular targets for NO
include heme, nonheme iron, and
iron-sulfur proteins, while the other
RNS typically target protein thiols
and tyrosines, lipids, and DNA.
Despite the fact that numerous
targets for NO and other RNS
have been described, the mecha-
nisms of their toxicity remain in-
completely understood. More spe-
cifically, while it is well established
that RNS contribute to the killing
activity of phagocytes, the RNS-
sensitive targets in pathogens that
are important in the host environ-
ment have not been identified.
Exposure of Escherichia coli
to NO causes a starvation for
branched-chain amino acids, which
is consistent with inactivation of an
iron-sulfur enzyme (dihydroxyacid
dehydratase) in the branched-chain
amino acid biosynthesis pathway
(Hyduke et al., 2007; Duan et al.,
2009). Interestingly, Richardson
et al. (2011) found no evidence
for a similar requirement for
branched-chain amino acids incultures of S. Typhimurium exposed
to NO. Rather, it was observed that
relatively high concentrations of NO
caused an extended lag phase when
S. Typhimurium was cultured in a defined
medium and that this lag could be amelio-
rated by adding methionine (M) and lysine
(K) to the medium. Thus, the pathway for
M and K synthesis was implicated asCell Host & Microa target for NO in S. Typhimurium. The
biosynthesis of both M and K requires
the tricarboxylic acid (TCA) cycle interme-
diate succinyl-CoA (Figure 1) and the NO-
induced MK starvation could be relieved
by the addition of succinyl-CoA to the
growth medium, but not the earlier TCA
cycle intermediates citrate, isocitrate, or
a-ketoglutarate. This pattern suggestedbe 1that the a-ketoglutarate dehydroge-
nase (a-KDH) complex might be the
target for NO. Enzyme assays in
crude cell extracts demonstrated
that aconitase, the a-KDH complex,
and the pyruvate dehydrogenase
(PDH) complex could be inhibited
by NO (Figure 1). Aconitase contains
a labile [4Fe-4S] cluster and is
a known NO target. Because the
a-KDH and PDH complexes share
lipoamide dehydrogenase (LpdA) as
their E3 component, inhibition of
LpdA probably explains the NO
sensitivity of these enzymes. The
sensitivity of LpdA to NO in vitro
was confirmed by enzyme assays in
cell extracts. In transcriptomics
experiments, 917 genes were found
to respond (R2-fold up- or downre-
gulated) to a dose of NO; of these,
578 were similarly perturbed in an
lpdA mutant not exposed to NO.
Thus, under the conditions of this
experiment, a large component of
the response to NO could be ac-
counted for by its inhibition of LpdA.
What is the mechanism by which
NO inhibits the activity of LpdA?
Lipoamide dehydrogenase is an
NAD-dependent flavoenzyme that
oxidizes the reduced dithiol form of
the lipoic acid cofactor covalently
bound (as lipoamide) to the E2
component of the a-KDH and PDH
enzyme complexes. LpdA contains
two redox-active cysteines, which0, July 21, 2011 ª2011 Elsevier Inc. 1
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electron acceptor for the oxidation of
dihydrolipoamide in the a-KDH and PDH
complex reactions. Reoxidation of the
cysteines is coupled to the reduction of
NAD+, completing the reaction cycle.
Protein thiols are a known target for RNS
(a reaction termed in the literature S-nitro-
sylation or S-nitrosation) and LpdA has
previously been shown to be S-nitrosy-
lated by RNS in vivo (Rhee et al., 2005;
Brandes et al., 2007). Thus, in the experi-
ments of Richardson et al. (2011) the
reactive thiols of LpdA (or, conceivably,
of lipoamide itself) are the likely targets
for NO or an RNS derived from NO.
Does host-derived NO imposeMK star-
vation during infection? In other words,
does the inactivation of LpdA in the host
milieu contribute to the antibacterial
effects of NO? To address this question,
Richardson et al. (2011) infected mice
with S. Typhimurium lacking a high-
affinity methionine uptake system (to pre-
vent the acquisition of host M). This strain
was attenuated for virulence, showing
that S. Typhimurium is dependent on
host-synthesized M during the course of
infection. Virulence could be restored by
inhibition of the mouse iNOS, suggesting
that host NO inhibits M synthesis by
S. Typhimurium. Although not proven, a
likely mechanism is the inhibition of
LpdA demonstrated by Richardson et al.
(2011).
In recent years, lipoamide dehydroge-
nase has re-emerged from biochemistry2 Cell Host & Microbe 10, July 21, 2011 ª201textbooks to become again an enzyme of
considerable interest. In Mycobacterium
tuberculosis, LpdA is a component of an
enzyme complex that reduces and pro-
vides protection against peroxynitrite,
the potently toxic product of the reaction
between NO and superoxide. LpdA is
a virulence determinant inM. tuberculosis
and is a potential target for antibacterials
(Venugopal et al., 2011). In E. coli, muta-
tions in the lpdA gene have been isolated
that reduce the activity of LpdA and allow
the E2-bound dihydrolipoamide to pro-
vide electrons to ribonucleotide reductase
(Feeney et al., 2011). A bioinformatic
analysis suggests that LpdA orthologs of
other organisms (some of which have
a fused lipoyl domain) might also act as a
source of reductant (Feeney et al., 2011).
In this scenario, as in the M. tuberculosis
peroxynitrite reductase/peroxidase com-
plex, LpdA must operate in reverse
(oxidizing NADH) in comparison to its
role in the more familiar a-KDH and PDH
complexes. In the context of nitrosative
stress, it is interesting that LpdA has
been implicated both as a target for RNS
(Rhee et al., 2005; Brandes et al., 2007;
Richardson et al., 2011) and as an
NADH-dependent NO reductase (Igam-
berdiev et al., 2004).
The work of Richardson et al. (2011)
adds to the growing list of molecular
targets that are sensitive to NO and
related RNS and focuses renewed
interest on central metabolic pathways
as NO targets. More generally, this study1 Elsevier Inc.provides an excellent illustration of the
growing recognition that a proper under-
standing of host-pathogen interactions
and the development of therapeutic
interventions require a detailed knowl-
edge of pathogen metabolism (Rohmer
et al., 2011).REFERENCES
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